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Members of bone morphogenetic proteins (BMPs) play important roles in many aspects of vertebrate embryogenesis. In developing
limbs, BMPs have been implicated in control of anterior–posterior patterning, outgrowth, chondrogenesis, and apoptosis. These diverse
roles of BMPs in limb development are apparently mediated by different BMP receptors (BMPR). To identify the developmental
processes in mouse limb possibly contributed by BMP receptor-IB (BMPR-IB), we generated transgenic mice misexpressing a
constitutively active Bmpr-IB (caBmpr-IB). The transgene driven by the mouse Hoxb-6 promoter was ectopically expressed in the
osterior mesenchyme of the forelimb bud, the lateral plate mesoderm, and the whole mesenchyme of the hindlimb bud. While the
orelimbs appeared normal, the transgenic hindlimbs exhibited several phenotypes, including bifurcation, preaxial polydactyly, and
osterior transformation of the anterior digit. However, the size of bones in the transgenic limbs seemed unaltered. Defects in sternum
nd ribs were also found. The bifurcation in the transgenic hindlimb occurred early in the limb development (E10.5) and was associated
ith extensive cell death in the mesenchyme and occasionally in the apical ectodermal ridge (AER). Sonic hedgehog (Shh) and Patched
Ptc) expression appeared unaffected in the transgenic limb buds, suggesting that the BMPR-IB mediated signaling pathway is
ownstream from Shh. However, ectopic Fgf4 expression was found in the anterior AER, which may account for the duplication of the
nterior digit. An ectopic expression of Gremlin found in the transgenic limb bud would be responsible for the ectopic Fgf4 expression.
he observations that Hoxd-12 and Hoxd-13 expression patterns were extended anteriorly provide a molecular basis for the posterior
ransformation of the anterior digit. Together these results suggest that BMPR-IB is the endogenous receptor to mediate the role of
MPs in anterior–posterior patterning and apoptosis in mouse developing limb. In addition, BMPR-IB may represent a critical
omponent in the Shh/FGF4 feedback loop by regulating Gremlin expression. © 2000 Academic Press
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lINTRODUCTION
Patterning and formation of vertebrate organs require
precise coordination of inductive tissue interactions that
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154re mediated by inductive signals. The vertebrate limb
evelopment has provided an excellent model for studying
he role of such molecules involved in organ formation.
ecent studies have provided insights into the molecular
ature of growth and patterning along the proximal–distal
P–D), anterior–posterior (A–P), and dorsal–ventral (D–V)
xes in developing limbs. The initiation of vertebrate limb
ud is triggered by the continued local cell proliferation of
ateral plate mesoderm and forms a bulge under the ecto-
erm at the presumptive limb levels of the embryonic
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155BMPR-IB and Mouse Limb Developmentflank. The expression of Fgf8 and Fgf10 in the intermediate
esoderm at the limb levels may be responsible for the
nitial budding of the limb as well as the induction of Fgf8
xpression in the overlying surface ectoderm that forms the
pical ectodermal ridge (AER) (Crossley and Martin, 1995;
rossley et al., 1996; Vogel et al., 1996; Ohuchi et al., 1997).
n addition to Fgf8, Fgf2 and Fgf4 are also expressed in the
ER and are capable of substituting for the function of the
ER in controlling limb outgrowth and patterning along
he P–D axis (Niswander et al., 1993; Fallon et al., 1994;
Crossley et al., 1996; Vogel et al., 1996). The establishment
of the A–P polarity is regulated by the zone of polarizing
activity (ZPA) located in the posterior limb bud mesen-
chyme (Saunders and Gasseling, 1968). Sonic hedgehog
(Shh) is likely the molecule responsible for the morphoge-
netic properties of the ZPA, since Shh is expressed in the
ZPA and can mediate the function of the ZPA (Riddle et al.,
1993; Chang et al., 1994). This Shh-mediated ZPA signal is
pparently interpreted by limb mesenchyme in terms of
ox gene expression, especially Hoxd gene cluster (re-
iewed in Pearse II and Tabin, 1998). With regard to the
–V patterning, Wnt-7a, which is expressed in the dorsal
ctoderm, regulates the D–V polarity by determining the
ubjacent mesenchymal cells to the dorsal fate via activat-
ng transcription factor Lmx1b (Parr and McMahon, 1995;
ang and Niswander, 1995; Riddle et al., 1995; Vogel et al.,
995). Furthermore, cross-regulation and interactions be-
ween these inductive signals along the three axes are
equired to coordinately control proper limb development
Laufer et al., 1994; Niswander et al., 1994; Yang and
iswander, 1995). For example, Wnt-7a is required for the
expression of Shh and Fgf4, while Shh and Fgf4 are them-
selves mutually dependent.
Members of bone morphogenetic protein (BMP) family
have also been implicated in the control of limb patterning
and growth, apoptosis in the interdigital regions, and bone
formation (reviewed by Hogan, 1996). Typically, Bmp2,
Bmp4, and Bmp7 are all expressed in the AER (Lyons et al.,
1990, 1995; Jones et al., 1991; Francis et al., 1994), where
they function to control limb outgrowth by antagonizing
FGF’s mitogenic activity for proliferation of mesenchymal
cells (Niswander and Martin, 1993). Bmp2, Bmp4, and
Bmp7 are also expressed in the mesenchyme of early
developing limb, especially the region of posterior mesen-
chyme where Shh is expressed. This expression pattern
suggests a role for BMPs in the A–P patterning. Indeed,
ectopic ZPA grafts or Shh expression to the anterior domain
of the developing limb induced Bmp2 expression in the
adjacent cells (Francis et al., 1994; Laufer et al., 1994).
BMP2 was further demonstrated to possess weak polarizing
activity and can mediate the induction of Fgf4 in the AER
(Duprez et al., 1996b). Thus, similar to their Drosophila
homolog decapentaplegic (dpp), which is a downstream
target of hedgehog in the A–P patterning of the fly append-
age primordium (Ingham and Fietz, 1995), Bmps are down-
stream targets of Shh and may play a role in relaying Shh
Copyright © 2000 by Academic Press. All rightfunction in the A–P patterning of vertebrate limb (Duprez et
al., 1996b; Yang et al., 1997).
The skeletal pattern is the morphologic indication of
limb patterning. The limb pattern is therefore believed to be
determined in the chondrogenic cell lineage (Hinchliffe and
Johnson, 1980). The bones of the developing limbs form
from the cartilage templates by endochondrial ossification.
A cartilage template is generated via the condensation of
mesenchymal cells followed by differentiation of chondro-
cytes. BMPs were originally identified by their ability to
induce ectopic endochondrial bone formation (Urist et al.,
1979; Wozney et al., 1988). Several BMPs including Bmp2,
Bmp4, and Bmp7, are expressed in the perichondrium of the
developing limb cartilage (Wozney et al., 1993; Macias et
al., 1997). Repression of BMPs’ function by overexpressing
Noggin and Gremlin, the natural antagonists of BMPs, to
the chick limb inhibited chondrogenesis (Capdevila and
Johnson, 1998; Merino et al., 1999). In contrast, overexpres-
sion of BMPs in the chick limb altered the size and shape of
the long bone (Duprez et al., 1996a; Macias et al., 1997). A
similar phenotype was observed in mice lacking Noggin
(Brunet et al., 1998). These results indicate that BMPs are
the key regulators of skeletal formation in vertebrate devel-
oping limb.
Another prominent function of BMPs in limb develop-
ment is their involvement in the regulation of programmed
cell death and sculpting limb shape (Chen and Zhao, 1998,
for review). Such a role for interdigital apoptosis has been
documented for BMP2, BMP4, and BMP7 (Gan˜an et al.,
1996; Macias et al., 1997; Buckland et al., 1998). All these
three BMPs are expressed in the interdigital regions prior to
and during the occurrence of apoptosis (Lyons et al., 1990,
1995; Jones et al., 1991; Francis et al., 1994; Francis-West et
al., 1995). Implantation of BMP-soaked beads in the inter-
digital regions accelerated cell death (Gan˜an et al., 1996;
Macias et al., 1997), while blocking of endogenous BMP
signaling pathway by overexpressing dominant negative
BMP receptors resulted in inhibition of apoptosis in the
interdigital mesenchyme (Zou and Niswander, 1996; Yo-
kouchi et al., 1996). The results indicate that BMP signaling
is necessary for, and may be the actual mediator triggering,
the apoptotic cascade in the interdigital mesenchyme.
Like other members of the TGF-b superfamily, BMP
ignaling is mediated by heterodimers of transmembrane
erine/threonine kinase of type I and type II BMP receptors
reviewed in Massague´, 1996). Two type I BMP receptors,
MPR-IA and BMPR-IB, have been identified in vertebrates
Koenig et al., 1994; ten Dijke et al., 1994a, b; Kawakami et
l., 1996). Both type I receptors can form heterodimers with
ype II receptor and bind BMP2, BMP4, and BMP7 with high
ffinity (Liu et al., 1995; Nohno et al., 1995; Rosenzweig et
al., 1995). Once BMP ligands bind to the receptors, the type
II receptor phosphorylates the type I receptor which then
transduces the signal into the cell by phosphorylating
intracellular, targets, such as SMAD proteins (Hoodless et
al., 1996; Kretzschmar et al., 1997). A single amino acid
substitution in the GS activation domain of type I receptor
s of reproduction in any form reserved.
aH
g
l
Z
B
m
B
a
m
e
m
a
m
i
d
a
c
g
m
r
c
v
T
m
t
l
A
T
a
m
o
s
p
t
t
m
p
w
p
f
156 Zhang et al.can generate constitutively active mutant forms of BMPR-I
(caBMPR-I) that are capable of signaling in the absence of
ligands and type II receptor (Wieser et al., 1995; Hoodless et
l., 1996; Kretzschmar et al., 1997; Zou et al., 1997).
BMPR-IA and BMPR-IB apparently mediate distinct mor-
phogenetic processes in the chick developing limbs, with
BMPR-IA regulating chondrocyte differentiation and
BMPR-IB regulating the initiation of chondrogenesis and
apoptosis (Zou et al., 1997).
Although roles of BMPs and their receptors in chick limb
development have been fairly documented, little is known
about their actual function in mouse limb development. It
has been shown that Bmp7 knockout mice exhibit mild
limb phenotype (Dudley et al., 1995; Luo et al., 1995).
owever, mice mutated in the Bmp2, or Bmp4, or Bmpr-IA
enes die too early to provide insights into their function in
imb formation (Mishina et al., 1995; Winnier et al., 1995;
hang and Bradley, 1996). To examine the role of the
MPR-mediated signaling pathway in mouse limb develop-
ent, we have misexpressed a constitutively active
mpr-IB (caBmpr-IB) in the developing limb bud driven by
well-characterized mouse Hoxb-6 promoter. This pro-
oter has been demonstrated to selectively drive transgene
xpression in the developing limb bud and lateral plate
esoderm of mouse embryos (Schughart et al., 1991; Eid et
l., 1993; Becker et al., 1996; Knezevic et al., 1997). Indeed,
ice carrying caBmpr-IB transgene exhibit various defects
n the hindlimbs, including limb bifurcation, preaxial poly-
actyly, posterior transformation of the anterior digit, and
bsence of digit and tarsal elements. Further analyses indi-
ate that extensive cell death and ectopic Fgf4 and 59 Hoxd
ene expression in the hindlimb buds of the transgenic mice
ay be responsible for the generation of these phenotypes,
espectively. Furthermore, ectopic expression of Gremlin, a
ritical component of the Shh/FGF4 feedback loop (Capde-
ila et al., 1999; Zu´n˜iga et al., 1999), was also observed.
hese results demonstrated a role for the BMPR-IB-
ediated signaling pathways in the anterior–posterior pat-
erning, outgrowth, and apoptosis in mouse developing
imbs.
MATERIALS AND METHODS
Construction of transgenic constructs. A constitutively active
mutant form of the chick Bmpr-IB (caBmpr-IB) with Gln-203 to
sp change in the GS domain (Zou et al., 1997) was released by
ClaI from an RCAS retroviral vector carrying caBmpr-IB (kindly
provided by Dr. L. Niswander). The fragment was subcloned into
the ClaI site of pBluescript SK vector. The orientation was deter-
mined by restriction mapping. A 660-bp DNA fragment containing
an SV40 t-intron–poly(A) signal, and stop codons in all three
reading frames was linked to the 39 end of the caBmpr-IB fragment.
he resultant 2.2-kbp fragment was blunted with Klenow enzyme
nd inserted into the blunted NotI site downstream from a 3.6-kbp
ouse Hoxb-6 promoter (Schughart et al., 1991). The orientations
f the inserts were determined by restriction mapping. The con-
truct with correct orientation of insert was chosen and named
Copyright © 2000 by Academic Press. All rightp#6-caBmpr-IB (Fig. 1). A construct containing the mouse Hoxb-6
romoter and an enhanced Gfp reporter gene was also generated.
Generation of transgenic mice. For pronucleus injection,
ransgene constructs were released from vectors by enzyme diges-
ion with BSSHII. DNA fragments were separated by 0.7% low-
elting agarose gel electrophoresis. Purified transgenes were resus-
ended into injection buffer (5 mM Tris, pH 7.4, 0.2 mM EDTA)
ith a final concentration of 2.5 mg/ml. Zygotes were obtained by
mating superovulated female F1 (C57/BL 3 CBA) mice with male
F1 (C57/BL 3 CBA) mice. Pronucleus injection and embryo transfer
were performed as described previously (Hogan et al., 1994).
Pseudopregnant CD-1 females were used as recipients. Embryos
either were collected at various intrauterine developmental stages
for transient transgene expression or were recovered after birth for
establishing permanent transgenic lines.
The integration of Hoxb-6–caBmpr-IB transgene was deter-
mined by PCR using genomic DNA extracted from the tail tip of
the mice. The following primers were used: 59-TGCGGCAG-
ATGGGGAAGC-39 (chick Bmpr-IB sequence for upper primer) and
59-CACTGAGGGGCCTGAAATGAGC-39 (SV40 intron sequence
for lower primer). The PCR was carried out under the following
condition: 45 s at 94°C, 45 s at 65°C, 40 s at 72°C, 31 cycles. Once
founders were identified, they were mated with wild-type F1 mice
(C57/BL 3 CBA). The offspring carrying transgene (heterozygotes)
were also determined by PCR.
In situ hybridization. The mouse and chick Bmpr-IB genes
share high identity in the GS domain (100%) and the kinase
domain (98%) and only 30% identity in the extracellular domain.
To detect the expression pattern of caBmpr-IB transgene in devel-
oping transgenic embryos, a 270-bp BglII fragment encoding the
extracellular domain of chick BMPR-IB was released from the chick
Bmpr-IB cDNA (provided by Dr. L. Niswander) and subcloned into
pBluescript vector. This fragment was used as template for making
antisense riboprobe, which did not cross-react with mouse tran-
scripts, as confirmed by Northern blot and whole-mount in situ
hybridization. A 422-bp mouse Alx4 cDNA fragment was cloned by
RT–PCR using primers (upper primer, 59-CCAGACCGCAAGAC-
CTCAAGCATC-39; lower primer, 59-TCAAACGGAAGGGGTG-
GAAGAACA-39) under the condition of 94°C, 1 min; 61.5°C, 1
min; 72°C, 1 min; 35 cycles. The 555-bp mouse full-length Gremlin
cDNA was also cloned by RT–PCR using primers (upper primer,
59-ATGAATCGCACCGCATAC-39; lower primer, 59-TTAATC-
CAAGTCGATGGA-39) under the condition of 94°C, 1 min; 62°C,
1 min; 72°C, 1 min; 35 cycles. All probes used in this study were
generated and labeled with digoxigenin by in vitro transcription of
linearized DNA according to the manufacturer (Boehringer Mann-
FIG. 1. Construct of Hoxb-6–caBmpr-IB transgene. The 3.6-kb
mouse Hoxb-6 promoter was linked in the front of the chick
constitutively active Bmpr-IB cDNA fragment. An SV40 intron–
oly(A) fragment was attached to the 39 end of the caBmpr-IB
ragment.heim Biochemicals, Indianapolis, IN).
s of reproduction in any form reserved.
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157BMPR-IB and Mouse Limb DevelopmentEmbryos were collected on different embryonic days (the morn-
ing when the vaginal plug was detected was designated as Day 0.5)
and fixed in 4% paraformaldehyde (PFA) in PBS at 4°C for over-
night. Embryos were then washed with PBS, dehydrated with
graduate methanol, and stored in absolute methanol at 220°C
before use. Genotypes of embryos were determined by PCR using
genomic DNA extracted from embryonic membrane as described
above. Whole-mount in situ hybridization was performed and
isualized by alkaline phosphatase reaction as previously described
Zhang et al., 1996). To localize in situ hybridization signals,
embryos or tissues were processed for frozen sectioning at 20 mm.
Skeleton staining and histologic analysis. To analyze skel-
eton, mice were killed, eviscerated, and skinned. Skeletons were
stained with Alcian blue for nonmineralized cartilage and Alizarin
Red for bone. Briefly, skinned mice were fixed in 100% ethanol for
2 days and then in acetone for 3 days. Samples were washed in
water for 3 min and then stained for 5 days in a solution consisting
of 1 vol 0.1% Alizarin Red S (in 95% ethanol), 1 vol 0.3% Alcian
blue (in 70% ethanol), 1 vol 100% acetic acid, and 17 vol ethanol,
followed by alkaline hydrolysis and glycerol clearing. Standard
procedures were followed for histologic analysis of tissues. Briefly,
tissues were fixed in 4% PFA, dehydrated with ethanol, embedded
in wax, sectioned at 7 mm, and stained with hematoxylin and eosin.
Detection of apoptosis. Cell death in the transgenic limbs was
rst examined by a vital dye staining. Briefly, embryos were
ollected in cold PBS and transferred to prewarmed DMEM me-
ium containing 0.002% Nile blue sulfate (Sigma, N-5632). Em-
ryos were stained at 37°C for 1 h, washed in PBS at 4°C for 5 h, and
hotographed.
Apoptosis was detected by TUNEL assay on tissue sections
sing an in situ cell death detection kit according to the manufac-
urer (Mannheim Boehringer). Briefly, tissues were fixed in 4% PFA
t 4°C for 2 h and then were dehydrated, embedded in wax, and
ectioned. Sections were bleached in 3% H2O2 for 5 min before
treatment with 0.7 mg/ml proteinase K for 10 min. Sections were
hen incubated with TUNEL reaction medium at 37°C for 1 h.
fter incubation with converter-AP at 4°C for overnight, sections
ere developed for color reaction and mounted with glycerol.
RESULTS
Generation of Hoxb-6-caBmpr-IB Transgenic Line
A mouse 3.6-kpb mouse Hoxb-6 promoter was used to
drive ectopic expression of transgene in the transgenic
mice. It has been demonstrated previously that this pro-
moter can direct expression specifically to the posterior
mesenchyme of the forelimb bud, the posterior lateral plate
mesoderm, and the whole mesenchyme of the hindlimb
bud (Schughart et al., 1991; Eid et al., 1993; Becker et al.,
996; Knezevic et al., 1997). To confirm the specificity of
he promoter activity, Hoxb-6–Gfp transgenic mice were
rst generated. Gfp expression in the transgenic embryos
as visualized and photographed using a Leica GFP set. As
hown in Fig. 2A, the promoter used in this study could
irect the reporter gene expression precisely in the specific
ites as previously reported.
To generate Hoxb-6–caBmpr-IB transgenics, a chick
aBmpr-IB transgene was used. Although the sequences are
onserved in the GS domain (100%) and the kinase domain
Copyright © 2000 by Academic Press. All right98%) among the mouse and chick Bmpr-IB genes, both
enes differ in the sequences in the extracellular domain
30% homology) (Sumitomo et al., 1993; ten Dijke et al.,
994b; Dewulf et al., 1995). This allowed us to detect the
ransgene expression and distinguish it from the endoge-
ous Bmpr-IB expression. About 500 zygotes in total were
njected with the transgene construct. Three hundred
ighty-four embryos were transferred to 27 foster mothers.
hirty-five embryos at E9.5 and 70 at E10.5 were collected
rom 19 foster mothers to examine transgene expression.
mong them, 21% of embryos exhibited transgenicity. The
xpression of caBmpr-IB transgene, revealed by whole-
ount in situ hybridization with a 270-bp chick-specific
mpr-IB probe, is observed restrictedly in the posterior
ateral plate mesoderm, the posterior mesenchyme of the
orelimb bud, and the whole mesenchyme of the hindlimb
ud at E9.5 and E10.5 (Figs. 2B and 2C). Six foster mothers
ere allowed to give birth. Of a total of 21 offspring, 5 were
dentified with transgenicity. Upon examination of these
ransgenic founders, none of them exhibited an obvious
henotype. The founders were mated to wild type to gen-
rate F1 offspring. Among them, only a single female
ounder (#6-72000) gave F1 offspring carrying transgene and
xhibiting a phenotype. Transgenic offspring from the other
our founders did not exhibit an overt phenotype. In situ
ybridization on F1 or F2 transgenic embryos at E10.5 from
hese founders using a probe specific to the transgene
emonstrated an absence of the transgene expression. The
ransgenic line was thus established and the phenotype of
he transgenic mice was analyzed. A second transgenic line
as obtained 10 months later. Similarly, the founder (fe-
ale) did not exhibit an overt phenotype. However, F1 and
2 offsprings derived from this line showed exactly similar
henotypes as observed in the transgenic mice derived from
6-72000 (Table 1), indicating that the phenotypes gener-
ted in the transgenic mice are not likely to be dependent
n the position of the transgene insertion.
Overexpression of caBmpr-IB Causes Severe Limb
Phenotypes
The founder female #6-72000 (F0) gave birth to 12 (F1)
offspring, 4 normal and 8 exhibiting overt phenotypes.
Genotyping of these mice indicated that all mice with
phenotypes carried the transgene. The transgenic mice had
either hindlimbs with 6 digits (Fig. 3I) or bifurcated hind-
limbs with 4, 5, or 6 digits (Fig. 3E), while the forelimbs
were completely normal. The transgenic offsprings sur-
vived and were mated to generate the F2 generation.
A similar variation of phenotypes was observed in the F2
progeny of a single F1 transgenic male. The phenotype
variation seems therefore not to be caused by a dose effect
due to a segregation of the transgenic chromosomes trans-
mitted from the founder female. Variability in the expres-
sion of a transgene driven by same promoter has been
reported previously (Knezevic et al., 1997), and indeed, in
situ hybridization with a specific probe exhibited various
s of reproduction in any form reserved.
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158 Zhang et al.FIG. 2. Hoxb-6 promoter drives specific expression of transgenes in the lateral plate mesoderm and hindlimbs. (A) Expression of Gfp
driven by the Hoxb-6 promoter is detected in the lateral plate mesoderm, the posterior domain of the forelimb bud, and the entire hindlimb
bud of an E10.5 transgenic embryo. (B) Whole-mount in situ hybridization using probe specific to the transgene showing caBmpr-IB
ransgene expression in the lateral plate and the hindlimb primordia (arrow) at E9.5. (C) caBmpr-IB transgene expression is detected in the
ateral plate, the posterior domain of the forelimb bud, and throughout the hindlimb bud in E10.5 transgenic embryos. Abbreviations used:
FL, left forelimb; RFL, right forelimb; LHL, left hindlimb; RHL, right hindlimb.
IG. 3. Hindlimb phenotype of Hoxb-6–caBmpr-IB transgenic mice. (A) Right-side hindlimb of a newborn wild type mouse. (B–D) Skeleton
taining of a right-side hindlimb from a wild type newborn. (E and I) Hindlimbs from newborn transgenic mice showing bifurcation (E) and
uplication of digit (I). (F–H, J, and L) Skeleton staining of hindlimbs from newborn transgenic mice showing bifurcation, loss of tarsal elements
nd fibula, and missing of digits. Notice the transformation of digit I (based on the appearance of metatarsal) into a triphalangeal digit (G, J, and
). (K and L) Skeleton staining of hindlimbs from a newborn (K) and a 2-week-old (L) transgenic mice showing duplication of the anterior digit
nd transformation of digit I into a triphalangeal digit. (M) Skeleton staining of a hindlimb from a 2-week-old wild type mouse serves as control
or (L). In all panels, the anterior of the limbs is to the left and the posterior to the right. Abbreviations used: F, fibula; T, tibia.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
sis is detected in the AER of an E10.5 transgenic hindlimb by
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Copyright © 2000 by Academic Press. All rightlevel of expression of caBmpr-IB in different E10.5 trans-
genic embryos (data not shown). There might as well as be
a variability in expression within individuals, because in F2
individuals with one normal and one abnormal hindlimb
were observed.
Endogenous Bmpr-IB expression has been detected in the
mouse limb bud mesenchyme at E10.5 and later on in the
primordia of bones in the limbs (Dewulf et al., 1995; data
not shown) where Bmp2, Bmp4, and Bmp7 are coexpressed
(reviewed in Hogan, 1996). This overlapped expression
pattern of Bmpr-IB with its BMP ligands suggests that
BMP-IB is an endogenous receptor mediating the function
of BMPs in mouse limb patterning, chondrogenesis, and
apoptosis. It was previously demonstrated that expression
of Bmpr-IB in the chick embryonic limb prefigures the
future cartilage primordium and BMPR-IB activity is nec-
essary for the initial steps of chondrogenesis (Zou et al.,
1997). Overexpression of caBmpr-IB via retroviral infection
in chick limb bud led to a dramatic expansion of the
cartilaginous elements (Zou et al., 1997). If BMPR-IB func-
tion is conserved between chick and mouse, we would
expect to see altered patterning and enlarged cartilaginous
element phenotypes in the hindlimbs of the transgenic
mice.
Five F1 transgenics and 16 F2 transgenics, aged at Post-
natal Day 1 (P1), Postnatal 2 weeks (P2w), and Postnatal 2
months (P2m), from two transgenic lines were stained to
examine skeletal patterning (Table 1). To our surprise, none
of the transgenics exhibited enlarged bones in the hindlimb
(Figs. 3F–3L). The most severe abnormalities are associated
with the bifurcation phenotype. The bifurcation extends in
the most extreme cases down to the base of the autopode
(Figs. 3F–3H, and 3J) and the limbs are either symmetrical
with 2 digits associated with each branch (Fig. 3J) or
asymmetrical with a different number of digits associated
with the 2 branches (Fig. 3G). The fibula and most of the
tarsal elements did not form (Figs. 3F–3H and 3J), and the
tarsals that connected the metatarsals to the tibia were not
comparable morphologically to any of the normal tarsals.
Occasionally a digit bifurcation was also observed (Fig. 3G).
Another obvious phenotype of the transgenic hindlimb is
digit duplication. It always occurred preaxially. Most of
such limbs contain 6 digits, but occasionally 7 digits (Figs.
3K and 3L).
TUNEL staining. (C) TUNEL staining on a section of E10.5 wild
type hindlimb showing no detectable apoptosis. (D) TUNEL stain-
ing on a section of E10.5 transgenic hindlimb showing extensive
apoptosis (arrows) in the mesenchyme underneath the AER. The
star indicates the site of bifurcation.
FIG. 5. Shh, Ptc, and Alx4 expression is not affected in the
ransgenic limb bud. Shh (A), Ptc (C), and Alx4 (F) expression in
E10.5 wild type hindlimb buds. Expression of Shh (B), Ptc (D), and
Alx4 (E) is not affected in E10.5 transgenic hindlimb buds. ArrowsFIG. 4. Increased and premature cell death in the transgenic limb
bud. (A) Transgene expression is also detected in the AER (arrow) of
an E10.5 transgenic hindlimb. (B) Premature and extensive apopto-point to the site of bifurcation.
s of reproduction in any form reserved.
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160 Zhang et al.The normal wild-type mouse has 5 digits, numbered I, II,
III, IV, and V, along the anterior–posterior axis (Figs. 3A, 3C,
and 3M). Digit I has two phalanges; the others have three.
Interestingly enough, a common phenotype found in both
bifurcated and polydactyly limbs is the posterior transfor-
mation of digit I into a triphalangeal digit, resembling digit
II (Figs. 3G and 3J–3L). This phenotype was found in most
cases examined (Table 1). Some bifurcated limbs as well as
the polydactyly limbs had an extra preaxial digit with three
phalanges (Figs. 3G and 3J–3L). The extra digits can there-
fore be considered to be caused by a preaxial duplication and
then be transformed to digits II–V features. While the
transformed digit sometimes had the short metatarsal char-
acteristic of digit I (Figs. 3J and 3K), in some cases it was
longer and had the characteristics of more posterior digits
(Fig. 3L). It should also be noticed that the ossification in
the second phalangeal element in the transformed and the
duplicated digits compared to the wild type was always
delayed (Figs. 3G, 3J, and 3K). However, at Postnatal 2
weeks, ossification was seen in every phalangeal element of
TABLE 1
Summary of Skeleton Phenotypes of Hoxb-6–caBmpr-IB Transgen
Animal Age
Hi
Bifurcation Digit dupl
F1
#1 P1 1 (both sides) 1 (right
#2 P1 2 1 (both
#3 P1 2 1 (right
#4 P1 1 (both sides) 1 (right
#5 P2m 2 1 (both
2
#1 P2w 1 (left side) 2
#2 P1 2 1 (right
#3 P1 2 1 (both
#4 P1 2 1 (both
#5 P1 2 1 (left s
#6 P1 2 1 (right
#7 P1 2 1 (left s
#8 P2w 1 (right side) 1 (right
#9 P1 2 1 (right
#10 P1 1 (both sides) 1 (both
#11 P1 1 (right sides) 1 (both
#12 P1 2 1 (both
#13 P1 1 (left side) 1 (left s
#14 P1 2 1 (both
#15e P1 1 (both sides) 2 (both
#16e P1 1 (left side) 1 (right
a Six digits unless specified.
b Four digits on left side.
c Seven digits.
d Four digits.
e These two mice were derived from the second transgenic line;the transgenic hindlimbs (Fig. 3L).
Copyright © 2000 by Academic Press. All rightEnhanced Apoptosis May Cause Bifurcation of the
Transgenic Limb
It has been demonstrated that BMP signaling may play a
critical role in triggering apoptotic cascade in vertebrate
limb development (Chen and Zhao, 1998, for review).
Exogenously applied BMPs induced ectopic apoptosis in the
chick limb (Gan˜an et al., 1996; Macias et al., 1997; Buck-
land et al., 1998). In particular, BMPR-IB is known to
mediate BMP signal in the induction of limb apoptosis (Zou
et al., 1997). It is possible therefore that the bifurcation
observed in the transgenic limbs results from extensive cell
death induced by caBmpr-IB overexpression. To test this
hypothesis, transgenic hindlimbs with bifurcation at E10.5
were collected, since the bifurcation appeared as early as
E10.5. We first examined the presence of nonviable cells by
a vital dye (Nile blue) staining. A dramatically increased
amount of dead cells was found in the mesenchyme of
transgenic hindlimbs (data not shown). To confirm that the
cell death was apoptotic, we further performed a TUNEL
assay. As shown in Fig. 4D, intensive TUNEL stainings
ice
b
Sternal and rib defectna Digit transformation
b 1 (both sides) 1
2 1
c 2 2
2 1
1 (both sides) 1
1 1
2 2
) 2 1
) 2 2
1 (left side) 1
1 (right side) 1
1 (left side) 1
1 (both sides) 1
1 (right side) 1
) 1 (both sides) 1
) 1 (both sides) 1
) 1 (both sides) 1
1 (left side) 2
) 1 (both sides) 1
)d 1 (both sides) 1
1 (right side) 1
ther mice were derived from #6-72000.ic M
ndlim
icatio
side)
side)
side)
side)
side)
side)
sides
sides
ide)
side)
ide)
side)
side)
sides
sides
sides
ide)
sides
sides
side)were detected in the limb bud mesenchyme, as compared
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161BMPR-IB and Mouse Limb Developmentwith those in the limb buds of wild type littermates (Fig.
4C). Interestingly, extensive cell death was also observed in
two out of four cases in the AER of transgenic mouse limb
buds (Fig. 4B). This observation prompted us to reexamine
the transgene expression in the hindlimb bud. Indeed, the
transgene expression was found in the AER in one of the
three samples examined (Fig. 4A). The expression of
caBmpr-IB to the AER may explain the extensive cell death
in the transgenic AER. Thus the premature cell death in the
AER may be partly responsible for the appearance of bifur-
cation. Since absence of tarsal elements was always associ-
ated with the bifurcation phenotype when extensive cell
death was observed, it is possible that increased cell death
also causes the elimination of these bone elements. Taken
together, we conclude that the ectopic expression of
caBmpr-IB in the mouse developing limb bud induces
xtensive cell death in the mesenchyme and occasionally in
he AER through an apoptotic mechanism. Msx homeobox
enes have been implicated in apoptosis in vertebrate
eveloping limb bud (reviewed in Chen and Zhao, 1998). To
xamine whether increased apoptosis observed in the trans-
enic limb is accompanied by an altered expression of Msx
enes, we analyzed Msx2 expression in the transgenic limb
bud at E10.5 and found an expression pattern and level
identical to those in the wild type littermates (data not
shown).
Anteriorly Ectopic Expression of Fgf4 and Hoxd
Genes May Be Responsible for the Duplication
and Posterior Transformation of Digit I
The occurrence of polydactyly is accompanied by changes
in the expression patterns of certain genes, particularly
those genes in the polarizing pathway (Tickle, 1996). To
identify genes whose expression pattern changes might be
responsible for the generation of preaxial polydactyly, we
examined the expression of several molecular markers
thought to be involved in the polarizing pathway and
important for limb patterning. Transgenic hindlimb buds at
E10.5, E11.5, and E12.5 were examined for the expression
patterns of the mesenchymal genes Shh, Ptc, Alx4, Hoxd-
12, and Hoxd-13 and the AER markers Fgf4 and Fgf8. The
expression of the posterior mesenchymal markers Shh and
Ptc was identical in the transgenic and wild type limbs at
E10.5 and E11.5 (Fig. 5; data not shown). Although BMPs
have been shown to regulate Shh expression in the ZPA of
mouse developing limb buds, this regulation of Shh by
BMPs is apparently not mediated by BMPR-IB (Zhang et al.,
2000). The BMPR-IB-mediated signaling pathway thus acts
downstream of or in parallel with the Shh–Ptc pathway.
The expression of Alx4, which encodes a paired-like home-
odomain protein and is expressed in the anterior domain of
developing limb bud and may also be involved in the A–P
patterning of developing limb bud (Qu et al., 1997, 1998;
Takahashi et al., 1998), was examined in E10.5 transgenic
limb buds. The results indicated an unaltered Alx4 expres-
sion (9/9) in the transgenic hindlimb buds (Fig. 5).
Copyright © 2000 by Academic Press. All rightFgf8 expression was also found unaffected in the trans-
genic hindlimb (Figs. 6A and 6B). However, in a few cases
(2/8), disrupted Fgf8 expression in the transgenic AER was
observed (Fig. 6D). This is probably due to a disruption of
the AER caused by the premature and enhanced apoptosis,
as demonstrated by TUNEL staining (Fig. 4B). A similar
phenotype was also observed previously in the chick limb
infected with caBmpr-IB retrovirus (Zou et al., 1997). In
contrast, Fgf4 expression, which is normally restricted to
the posterior half of the AER (Fig. 6E), was extended
anteriorly to some extent in all 15 embryos examined at
E10.5 and E11.5 (Figs. 6F and 6H). This ectopic expression of
Fgf4 in the anterior domain of transgenic limbs would
account for the formation of preaxial polydactyly. Since the
transgene is supposed to be exclusively expressed in the
limb mesenchyme, although occasionally an ectopic ex-
pression is found in the AER, a diffusible factor activated by
caBmpr-IB in the mesenchyme may mediate the ectopic
induction of Fgf4 in the anterior AER. It has been recently
emonstrated that Gremlin, a BMP antagonist, is a critical
omponent of the Shh/FGF4 signaling feedback loop and is
ufficient to induce Fgf4 expression in vertebrate develop-
ng limb (Capdevila et al., 1999; Zu´n˜iga et al., 1999).
xpression of Gremlin can be induced by Shh as well as
MPs (Capdevila et al., 1999; Merino et al., 1999; Zu´n˜iga et
l., 1999), indicating that Gremlin is a downstream target of
MPs. To test whether induction of Gremlin by BMPs is
ediated by BMPR-IB, Gremlin expression was examined
n the transgenic hindlimbs at E10.5 and E11.5. Ectopic
remlin was indeed found in the anterior mesenchyme of
he transgenic limb (6/6) (Fig. 7). Thus the ectopic Gremlin
xpression could be responsible for the ectopic Fgf4 in the
ER.
We further found that Hoxd-12 and Hoxd-13 expression
4/4) remained unaffected in the transgenic limbs at E10.5
Figs. 8A and 8B, data not shown). However, at E11.5 and
12.5, the Hoxd-12 (6/6) and Hoxd-13 (8/8) expression
omains were expanded anteriorly to cover the digit I
orming domain, as compared with their normal expression
attern in the same age wild type limb in which the anterior
oundary of Hoxd-12 and Hoxd-13 expression is limited to
igit II (Figs. 8C–8F, and data not shown). It was reported
reviously that posterior transformation of digit occurred in
he limbs where members of 59 Hoxd genes, including
oxd-11 and Hoxd-12, were ectopically expressed in the
nterior domain (Morgan et al., 1992; Goff and Tabin, 1997;
nezevic et al., 1997). Since the ectopic expression of Hoxd
enes is seen at E11.5 prior to the formation of the digit, we
onclude that the anterior expansion of Hoxd-12 and
oxd-13 expression in the transgenic limbs caused the
osterior transformation of digit I into a triphalangeal digit.
Misexpression of caBmpr-IB in the Lateral Plate
Causes Defects in Sternum and Ribs
In 5 F1 transgenic mice and 16 F2 transgenic mice
examined, 4 F1 and 13 F2 transgenic mice exhibited abnor-
s of reproduction in any form reserved.
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162 Zhang et al.malities in the sternum and ribs (Table 1). The phenotype
varied, including malformation of the xiphoid process
(split), asymmetric pairing of ribs, misalignment of the rib
pairs on the sternum, reduction in the number of sternal
articulating ribs, shortened ribs, and split sternebrae (Fig. 9).
Each mouse carried at least one of the phenotypes de-
scribed. Split xiphoid process was found in all the samples
examined. No detectable changes in the axial skeleton,
including vertebral numbers and morphologies, have been
identified. However, despite such severe defects present in
the rib cage, transgenic mice did not display neonatal
mortality and seemed to have no respiration problems.
Transgenic mice could survive to mature and mate nor-
mally.
DISCUSSION
Previous studies have suggested that BMPs may play an
important role in the three main processes of vertebrate
limb development: A–P patterning, chondrogenesis, and
apoptosis (reviewed in Hogan, 1996). However, the majority
of the experimental evidence has been derived from studies
using chick limb as a model system (Buckland et al., 1998;
apdevila and Johnson, 1998; Duprez et al., 1996a, b;
rancis et al., 1994; Gan˜an et al., 1996; Kawakami et al.,
996; Laufer et al., 1994; Macias et al., 1997; Yokouchi et
al., 1996; Zou and Niswander, 1996; Zou et al., 1997). The
function of BMPs in mammalian limb development is
largely deduced from their expression patterns (Lyons et al.,
1995; Hogan, 1996). In this study, we examined the role of
the BMPR-IB-mediated signaling pathway in mouse limb
development by misexpressing caBmpr-IB in a transgenic
model. It is known that binding of BMP ligands to the
receptors results in the phosphorylation of type I receptor
by the type II receptor. Activated (phosphorylated) type I
FIG. 6. Ectopic expression of Fgf4 in the anterior AER of trans-
genic hindlimb. (A and C) Fgf8 expression in the AER of an E10.5
wild type hindlimb. (B) Normal Fgf8 expression in the AER of an
E10.5 transgenic hindlimb. (D) Disrupted Fgf8 expression in the
AER of an E10.5 transgenic hindlimb. Arrows point to the sites of
AER disruption. (E and G) Fgf4 expression in the AER of E10.5 (E)
and E11.5 (G) wild type hindlimb. Arrows mark the anterior and
posterior boundaries of Fgf4 expression in the AER. (F) An anterior
extension of Fgf4 expression (arrow) is seen in the AER of an E10.5
transgenic hindlimb. (H) Ectopic Fgf4 expression (arrow) is seen in
the anterior AER of an E11.5 transgenic hindlimb.
FIG. 7. Ectopic expression of Gremlin in the anterior mesen-
chyme of transgenic hindlimb. (A and C) Normal expression
pattern of Gremlin in the limb mesenchyme of E10.5 (A) and E11.5
(C) wild type hindlimbs. (B) Gremlin expression domain is ex-
panded anteriorly in an E10.5 transgenic hindlimb. (D) An ectopic
Gremlin (arrow) is seen in the anterior mesenchyme of an E11.5
transgenic hindlimb.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightreceptor then transduces the BMP signals into cells and
initiates the signaling cascade. Thus, this caBmpr-IB trans-
enic mouse also provides a gain-of-function model for
tudying BMPs’ role in mouse limb development.
BMPR-IB Mediates a Signaling Pathway in the A–P
Patterning of Mouse Limb
One consistent phenotype associated with the bifurca-
tion or duplication phenotype in the caBmpr-IB transgenic
hindlimbs is the posterior transformation of digit I. In
addition, digit duplication always occurred at the anterior
end (preaxial polydactyly). The restricted expression of the
transgene to the posterior domain of the forelimb may
account for the normal forelimb phenotype of transgenic
mice. These observations demonstrate an important role for
the signaling pathway mediated by BMPR-IB in the A–P
patterning of the mouse limb bud. The A–P specification in
vertebrate limb bud is believed to be controlled by the ZPA
where Shh is expressed and can actually substitute for
ZPA’s function (Riddle et al., 1993). In the chick wing bud,
Bmp2 and Bmp7 are coexpressed with Shh in the ZPA and
re known to respond to Shh induction (Francis et al., 1994;
Laufer et al., 1994; Kawakami et al., 1996; Yang et al.,
1997). BMPs were therefore suggested to be downstream
from Shh and may act as a secondary signaling molecule
relaying Shh’s function in the A–P patterning and induction
of gene expression, such as Hoxd genes in the mesenchyme
and Fgf4 in the AER (Duprez et al., 1996b; Yang et al., 1997).
his hypothesis is supported by the fact that ectopic ex-
ression of Bmp2 in the anterior mesenchyme of chick limb
ud induces duplication of the anterior digit, which is
ccompanied by the ectopic induction of Fgf4 and Hoxd-13
n the anterior AER and mesenchyme, respectively (Duprez
t al., 1996b). In the caBmpr-IB transgenic limb bud,
ctopic Fgf4 was detected in the anterior AER and ectopic
oxd-12 and Hoxd-13 were detected in the anterior mes-
nchyme. The similarities of the phenotype and molecular
xpression between the caBmpr-IB transgenic mouse limb
and the chick limb with Bmp2 ectopic expression indicates
that the BMP signaling pathway is involved in the A–P
patterning of both mouse and chick limbs. We have further
demonstrated that the ectopic Fgf4 expression in the ante-
rior AER of the transgenic embryonic limb bud is a second-
ary effect of the ectopic caBmpr-IB expression, since the
transgene is primarily expressed in the limb mesenchyme.
We showed that caBMPR-IB activates ectopic Gremlin
which would turn on ectopic Fgf4 expression in the AER.
Our results provide the first evidence of a role for the
BMPR-IB-mediated signaling pathway in the Shh/FGF4
signaling feedback loop.
The fact that Shh and Ptc expression is unaffected in the
aBmpr-IB transgenic limb bud suggests that BMPR-IB-
ediated signaling pathways act downstream from Shh. We
ave shown in a separate study that BMPs can regulate Shh
xpression in the ZPA, and this regulation seems not to beFIG. 8. Anteriorly ectopic expression of Hoxd-13 in transgenic
hindlimb bud. (A, C, and E) Normal expression pattern of Hoxd-13
in E10.5 (A), E11.5 (C), and E12.5 (E) wild type hindlimbs. Note that
the anterior boundary (arrow) of Hoxd-13 expression is limited to
digit II in E12.5 limb bud (C). (B) Hoxd-13 expression is not changed
in an E10.5 transgenic hindlimb bud. The arrow pointed to the site
of bifurcation. (D) Hoxd-13 expression is extended to the most
nterior boundary of an E11.5 transgenic hindlimb. (F) Hoxd-13
xpression is extended anteriorly to cover digit I (arrow) in an E12.5
ransgenic hindlimb.
IG. 9. Sternum and rib defects in transgenic mice. (A) Skeleton
taining of sternum and ribs from a newborn wild type mouse. (B)
keleton staining of sternum and ribs from a newborn transgenic
ouse showing split of xiphoid process (arrow). (C) Skeleton
taining of sternum and ribs from a newborn transgenic mouse
howing severe defects, including split xiphoid process (arrow),
plit sternebrae, asymmetric rib pairing, shortened ribs, and mis-ediated through BMPR-IB (Zhang et al., 2000). Since
s of reproduction in any form reserved.
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164 Zhang et al.Bmpr-IB is endogenously expressed in mouse limb bud
esenchyme from E9.5 to E11.5 when the A–P patterning
ccurs, we suggest that BMPR-IB is the endogenous recep-
or mediating BMPs’ function in polarizing activity. How-
ver, unlike the RARb2–Hoxb-8 transgenic mice in which
Shh is activated ectopically in the anterior domain of the
forelimb and mirror-image duplication of forelimb is seen
(Charite´ et al., 1994), we never observed a mirror-image
duplication of hindlimb in the caBmpr-IB transgenics.
BMPR-IB thus may only mediate partial polarizing activity
of the ZPA. It is known that Shh and Alex4 exhibit
exclusive expression patterns in the developing limb. Evi-
dence indicates that ectopic expression of Shh represses
Alx4 in the anterior domain of the developing limb bud
(Takahashi et al., 1998), while Alx4 functions as a negative
regulator to prevent Shh from being expressed in the ante-
rior limb mesenchyme (Qu et al., 1997, 1998). Our results
demonstrated that overexpression of caBmpr-IB did not
affect Alx4 expression, indicating that the repression of
Alx4 by Shh is apparently not mediated by BMPR-IB. These
data provide additional evidence supporting the hypothesis
that BMPR-IB mediates only part of Shh’s function in
vertebrate limb development.
In a similar experiment, the same construct of caBmpr-IB
was ectopically expressed in the chick limb by using a
replication competent retrovirus (Zou et al., 1997). No digit
duplication was reported in such caBmpr-IB-retrovirus-
infected limbs. Dramatic expansion of the cartilaginous
elements was found in the limbs instead (Zou et al., 1997).
However, this phenotype of altered size of bones was never
found in the caBmpr-IB transgenic limbs. The phenotypic
difference between the mouse and the chick limbs could be
explained as follows. First, although the caBmpr-IB trans-
gene was evenly expressed in the mesenchyme of trans-
genic hindlimb buds at E9.5 and E10.5, the expression
pattern was changed at E11.5. The transgene expression was
limited to two stripes (anterior and posterior) in the mes-
enchyme of developing hindlimb at this stage (Schughart et
al., 1991; data not shown). The lack of continuous expres-
sion of the transgene in the developing cartilage elements
may account for the phenotype difference. Second, RCAS–
caBmpr-IB retrovirus might not spread well throughout the
whole chick limb mesenchyme, especially to the anterior
domain, so that no digit duplication occurred. Last,
BMPR-IB may function differently in controlling develop-
mental processes in mouse and chick limb, with BMPR-IB
mainly being involved in chondrogenesis in the chick while
playing a critical role in mediating polarizing activity in the
mouse. The last hypothesis is consistent with the observa-
tion that Bmpr-IB expression is not detected in the mesen-
chyme of early chick limb bud but is detectable in the early
condensations of the cartilage primordia (Zou et al., 1997;
Kawakami et al., 1996). In contrast, Bmpr-IB is expressed in
the mesenchyme of mouse limb in the early stages (E9.5 to
E11.5) and later on is expressed in the mesenchymal con-
densations of cartilage elements (E12.5) (Dewulf et al.,
1995).
Copyright © 2000 by Academic Press. All rightBMP Signals Are Involved in Rib Cage Formation
The sternum arises from the lateral plate. The paired
sternal bands in the dorsal lateral plate condense and move
ventrally. They meet in the ventral midline and fuse to
form the sternum which is then associated with the ribs
(Chen, 1953a, b). On the other hand, the ribs are derived
from the somitic mesoderm. However, formation of the rib
tips is closely associated with the lateral plate (Huang et al.,
996). It has been previously demonstrated that Bmpr-IB is
xpressed in the developing somite, the primordia of the rib
hafts, and the sternum of mouse embryo (Dewulf et al.,
995), suggesting a potential role for BMPs in rib cage
ormation. This is supported by the fact that functional
MP7 is required for normal rib cage formation (Luo et al.,
995). In the caBmpr-IB transgenic mice, a variety of sternal
nd rib abnormalities were observed. Taken together, these
esults suggest that BMPR-IB is a critical endogenous recep-
or mediating BMPs’ signal in rib cage formation. It is
urrently unclear what the downstream players of the BMP
ignaling pathway in controlling rib cage development are.
nterestingly, similar sternal and rib defects have been
eported in the Hoxd-12 transgenic mice driven by the same
romoter as used in this study (Knezevic et al., 1997). Since
oxd genes are the downstream targets of BMPs and BMP
eceptor-mediated signaling pathway in the developing
imb bud (Duprez et al., 1996b; Laufer et al., 1994; this
tudy), it is possible that the effect of caBMPR-IB on the
ormation of sternum and ribs is mediated by ectopic
xpression of Hoxd genes, especially Hoxd-12. However, no
ctopic expression of Hoxd-12 was observed in the lateral
late mesoderm of the caBmpr-IB transgenic embryos at
10.5 and E11.5 (data not shown), although ectopic
oxd-12 expression was found in the transgenic hindlimb.
lthough it can not be ruled out that ectopic Hoxd-12 is
ctivated later in the lateral plate mesoderm and its deriva-
ives, the effects on rib cage formation by ectopic expres-
ion of caBmpr-IB and Hoxd-12 may be mediated by differ-
nt pathways.
BMPR-IB Regulates Apoptosis
It is evident that ectopic expression of caBmpr-IB causes
increased and premature apoptosis in the caBmpr-IB trans-
genic limb bud. This extensive and premature apoptosis
was observed in both limb mesenchyme and occasionally in
the AER where the transgene is expressed, which may
contribute to the bifurcation phenotype. A similar in-
creased cell death was also observed in the chick limb bud
infected with RCAS–caBmpr-IB retrovirus (Zou et al.,
1997). Our results thus support the idea that BMPR-IB may
be the endogenous BMP receptor regulating apoptosis (Zou
et al., 1997) and further indicate that the same signaling
pathway is used in both chick and mouse in mediating
apoptosis in the developing limbs. In addition, digit bifur-
cation, a phenotype similar to those reported by Duprez et
al. (1996b), was occasionally observed (Fig. 3G). This phe-
notype may be correlated with ectopic Fgf4 and Hoxd13
s of reproduction in any form reserved.
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165BMPR-IB and Mouse Limb Developmentexpression instead of apoptosis, as suggested previously
(Duprez et al., 1996b).
It has been proposed that Msx genes, especially Msx2,
participate in cell apoptosis induced by BMPs (Graham et
al., 1994; Marazzi et al., 1997; Jervall et al., 1998). However,
sx2 expression was not overtly upregulated in the
aBmpr-IB transgenic limb bud where increased cell death
as observed. These results support the hypothesis that the
MP receptor-mediated signaling pathway may directly
rigger the apoptotic cascade while Msx genes are required
or the maintenance of Bmp expression (Chen and Zhao,
998).
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